Context: Attention-deficit/hyperactivity disorder (ADHD) is a developmental disorder characterized by a deficit in behavioral inhibition. Recent evidence also suggests a deficit in cortical inhibition via the GABA (␥-aminobutyric acid)-ergic system.
A
TTENTION-DEFICIT/HYPERactivity disorder (ADHD) is a developmental disorder affecting 3% to 5% of children and is defined by increased inattentiveness, hyperactivity, and impulsivity. 1, 2 The disorder is commonly linked with deficits of the dopamine and noradrenergic neurotransmitter systems and is treated using stimulant medication; however, ADHD cannot be described by abnormalities of a single neurotransmitter system.
It has been suggested that a deficit in behavioral inhibition lies at the core of ADHD. 3 While the link between behavioral inhibition and the principal inhibitory neurotransmitter GABA (␥-aminobutyric acid) is not trivial, recent evidence supports such a link. [4] [5] [6] GABA concentration can be measured noninvasively in vivo by edited magnetic resonance spectroscopy (MRS), 7, 8 and it was recently shown that regional GABA concentrations correlate with motor control and impulsivity in healthy adults. 5, 9 Investigation of GABA in ADHD has been limited. A recent study 10 using transcranial magnetic stimulation found reduced short intercortical inhibition (SICI) in school-age children with ADHD; furthermore, the reduced SICI correlated with ADHD symptom severity and with motor skills. Short intercortical inhibition is known to be modulated by GABA-A agonists 11 and is thought to be mediated by GABA-A cortical interneurons. Given these findings, we hypothesized that children with ADHD would show reduced GABA concentration in a measurement volume that included primary somatosensory and motor cortices.
METHODS
The study was approved by The Johns Hopkins Medical Institutional Review Board. Before examination, assent was obtained from each participant, and written informed consent was obtained from all parents or legal guardians. Included in the study were 13 children with ADHD (11 boys and 2 girls), with a mean age of 10.2 years (median age, 10.4 years; age range, 8.2-12.5 years). Also included were 19 age-matched typically developing (TD) control subjects (12 boys and 7 girls), with a mean age of 10.6 years (median age, 10.7 years; age range, 8.4-12.8 years). Diagnosis of ADHD was based on the following instruments: the Diagnostic Interview for Children and Adolescents IV (DICA-IV), Conners Parent and Teacher Rating ScalesRevised long form (ADHD-specific broad behavior rating scales), and the ADHD Rating Scale IV home and school versions. For inclusion in the ADHD group, a participant had to meet criteria on the DICA-IV and on at least 1 of 2 parent rating scales and on at least 1 of 2 teacher rating scales. Subtype of ADHD was evaluated using the DICA-IV, parent rating on Conners Parent and Teacher Rating Scales-Revised long form, and the ADHD Rating Scale IV home and school versions. Ten children with ADHD (8 boys and 2 girls) met criteria for ADHD combined subtype, and 3 children (all boys) met criteria for ADHD predominantly inattentive subtype. The mean duration from the date when children in the ADHD group fulfilled the DICA-IV criteria to the date of MRS examination was 2.1 months (range, 0.2-11.0 months), with only 1 participant exceeding 3.2 months. Intellectual ability was assessed using the Wechsler Intelligence Scale for Children III or IV. Children with full-scale IQ scores below 80 were excluded from participation.
In addition, the DICA-IV was used to assess the presence of other psychiatric disorders in all children. Children who met criteria for conduct disorder, mood disorders, generalized anxiety disorder, separation anxiety disorder, social phobia, or obsessive-compulsive disorder were excluded from the study. Children with comorbid oppositional defiant disorder (ODD) were included in the study given evidence from family studies 12, 13 suggesting that ADHD associated with ODD does not represent a distinct subtype. Five children with ADHD met criteria for ODD. No participant had a history of other neurological disorders, including Gilles de la Tourette syndrome. All children were also administered the basic reading subtest from the Wechsler Individual Achievement Test (WIAT) or the WIAT-II to rule out a learning disability in reading. Children were excluded from the study if they demonstrated a significant discrepancy between full-scale IQ and the WIAT or WIAT-II score or a basic reading subtest score below 85. Of 13 children with ADHD, 7 were being treated with stimulant medication at the time of the study. For those children, medication was withheld the day before and the day of testing. Children with ADHD taking longer-acting medications were excluded from the study. Children were included in the TD comparison group only if they did not meet ADHD diagnostic criteria on any of the administered rating scales and questionnaires. All children in the TD group were free of criteria for psychiatric disorders on the DICA-IV. No children in the TD group were taking psychoactive medications. All children in this study were assessed as righthanded using the Edinburgh Inventory. In addition, participants were administered the Physical Development Scale (Tanner), 14 a brief questionnaire describing physical and sexual development. For 7 of 9 female participants, scores established that menarche had not been reached at the time of enrollment, making it unlikely that cyclical hormonal status had an effect on GABA measures in the group of girls.
MRS AND IMAGING
All experimental data were acquired on a 3-T imaging system (Achieva; Philips). J-difference-edited MRS spectra were acquired from a 3ϫ3ϫ3-cm 3 voxel centered on the hand knob (as described previously 15, 16 and as shown in Figure 1A ) in a 10-minute experiment. Fourteen-millisecond editing pulses were applied at 1.9 ppm in the "on" experiments and at 7.5 ppm in the "off" experiments. Three hundred twenty transients of 2048 data points (2-kHz spectral width) were acquired as twenty 16-step phase cycles, with the editing pulse frequency switched on alternate-phase cycles. Other experimental parameters included repetition time and echo time of 1800 and 68 milliseconds, respectively; refocusing pulse bandwidth of 1.4 kHz; and VAPOR (variable-power radiofrequency pulses with optimized relaxation delay) water suppression. 17 Edited MRS spectra were processed with 4-Hz exponential line broadening; edited GABA signal at 3 ppm was fit using a simple gaussian model, 18 and the model was integrated. As a quantitative metric of fit quality, the root mean square residual for this fit was quantified as a percentage of the fitted peak amplitude. The unsuppressed water signal from the same volume was fit using a gaussian-lorentzian model, and the model was integrated. GABA concentration in institutional units was calculated using the following equation:
, where the ratio of the integral of edited GABA signal I GABA and water signal I w was multiplied by the visible water concentration C w and factors R w and R GABA to account for T1-weighted and T2-weighted relaxation of the water signal and GABA signal, editing efficiency , and the mean macromolecular (MM) signal fraction ␣ MM .
STATISTICAL ANALYSIS
A linear regression analysis was performed using commercially available software (MATLAB Statistics Toolbox Version 7.3.1 [R2009b]; The MathWorks, Inc) to examine the effects of diagnosis and sex on GABA concentration. Owing to the few female participants in one quadrant (2 girls in the ADHD group), no interaction term was included. A t test was performed to assess for a main effect of diagnosis on GABA concentration. As a secondary analysis, an equivalent linear regression was performed to investigate changes in the coedited total glutamate plus glutamine (Glx) signal.
RESULTS
Edited spectra were acquired in all 32 age-matched participants; the ages of the ADHD group vs the TD group were not significantly different (P=.31 by t test). The mean (SD) normalized root mean square fit residuals were not significantly different between the ADHD group (13% [6%]) and the TD group (9% [5%]) (PϾ.05 by t test). Successful application of this method in a pediatric population (even one with ADHD) is not assured a priori because J-difference editing is inherently sensitive to participant movement. Figure 1B shows the edited spectra for 1 participant in the ADHD group and for 1 participant in the TD group, with the GABA peak at 3 ppm labeled. Linear regression analysis revealed a significant effect of diagnosis (␤=−0.34, P=.03) but not sex (␤=−0.16, P=.33) on GABA concentration, as shown in 01 by t test). No significant effect of age on GABA concentration was observed in univariate or regression analysis (PϾ.36 for both), although this study was not designed to investigate such an effect given the limited age range (8.2-12.8 years) of the participants. In the ADHD group, no significant difference in GABA concentration was observed between participants who were taken off stimulant medication for the study vs participants who were not receiving medication (P = .67 by t test).
Quantification of the coedited Glx peak (at 3.75 ppm) is shown in Figure 1B . No significant difference in Glx was observed between the ADHD group and the TD group (P=.28 by t test).
COMMENT
Our finding of significantly reduced GABA concentration in children with ADHD is consistent with the initial hypothesis of this study and is concordant with reduced SICI in ADHD. 10 Cerebral cortical inhibitory function, via GABAergic transmission, may be vital for filtering sensory information and selecting appropriate behavioral responses. 9 As such, understanding and quantifying GABAergic function in children who are developing motor and behavioral control could provide vital insights into the neurobiological underpinnings of ADHD.
GABAergic inhibition is implicated in several developmental disorders, including ADHD and autism spectrum disorder. As the principal inhibitory neurotransmitter in the mature brain, GABA is initially excitatory in the developing brain. In addition to this role reversal, it has been suggested that the GABAergic system is particularly susceptible to damage during abnormal development because GABAergic neurons arise from a different region of the neural tube than glutamatergic neurons, with which they must later integrate. 19 Although good evidence for a GABAergic abnormality, the observation of reduced GABA concentration in ADHD as measured by MRS does not inform us as to the location or distribution of that reduction. For example, we do not know whether this result reflects a reduced density of GABAergic neurons or a reduced concentration of GABA within a normal density of GABAergic neurons. Nor does MRS provide us with any information on the cellular compartmentalization of the GABA from which we detect signals.
It is common to interpret changes in GABA in the context of the effect on excitation-inhibition balance. Previous MR spectroscopy work in ADHD has shown elevated Glx, 20, 21 suggesting an exacerbated effect on excitationinhibition balance, although Glx should cautiously be interpreted in terms of excitatory neurotransmission owing to the extensive metabolic role of glutamate. Our finding of no significant difference in Glx concentration between the 2 study groups is consistent with a recent metaanalysis 22 of previous MRS results in ADHD. Although no significant difference in data quality (quantified through the normalized fitting residual) was observed between the 2 study groups, the mean residuals were slightly greater for the ADHD group. This would be expected because children with ADHD are likely to have greater difficulty staying still during the experiment. If the fitting residual is included as a regressor, the significance of diagnosis as a factor explaining GABA concentration is increased. This suggests that the group difference in measured GABA concentration tends to be masked by, rather than caused by, inaccuracies of fitting.
Several methodological limitations are relevant to the edited detection of GABA by MRS. The volume of acquisition (3ϫ3ϫ3 cm 3 ) contains a range of tissues, including precentral and postcentral gray and white matter, and its large size is required owing to the low concentration of GABA, the inherent insensitivity of MRS, and a compromise between volume and experiment time. In addition, GABA signal detected by the PRESS (pointresolved spectroscopy) sequence at 3 T contains a significant contribution from coedited macromolecular signals. Although it is possible that the effect observed could arise from macromolecular differences, this study was based on a GABA deficit hypothesis, and we interpret the differences seen as likely arising from changes in GABA concentration.
As with any case-control study, limitations existed in the extent to which the ADHD group and the TD group were matched. However, age does not statistically explain significant variance in GABA concentration, so it seems unlikely that imperfect matching drives the observed group difference. It is also important to consider medication effects as a potential explanation for our findings. Seven of 13 children with ADHD had been prescribed stimulant medication, which was withheld the day before and the day of testing. We cannot rule out the possibility that chronic administration or withdrawal of stimulants may have influenced GABA measurements in these participants (although no direct pharmacological reason exists to believe that either will affect GABA concentration), and the absence of a difference between medicated and unmedicated participants supports this. However, given the small sample for this comparison, follow-up analyses with larger cohorts of children actively prescribed and not prescribed stimulants will provide opportunity to address this question. Taken in combination with reduced SICI, our finding of reduced GABA provides strong evidence for a GABAergic deficit in ADHD. Should further research establish strong relationships between specific ADHD symptoms (such as reduced motor control) and deficits in cortical inhibition, GABAergic therapy may have a role in the future treatment of ADHD. Author Contributions: Dr Edden had full access to all the data in the study, performed the statistical analysis, and takes responsibility for the integrity of the data and the accuracy of the data analysis.
